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We report 51V nuclear magnetic resonance (NMR) studies on single crystals of the multiferroic
material FeVO4. The high-temperature Knight shift shows Curie-Weiss behavior,
51K = a/(T +
θ), with a large Weiss constant θ ≈ 116 K. However, the 51V spectrum shows no ordering near
these temperatures, splitting instead into two peaks below 65 K, which suggests only short-ranged
magnetic order on the NMR time scale. Two magnetic transitions are identified from peaks in the
spin-lattice relaxation rate, 1/51T1, at temperatures TN1 ≈ 19 K and TN2 ≈ 13 K, which are lower
than the estimates obtained from polycrystalline samples. In the low-temperature incommensurate
spiral state, the maximum ordered moment is estimated as 1.95µB/Fe, or 1/3 of the local moment.
Strong low-energy spin fluctuations are also indicated by the unconventional power-law temperature
dependence 1/51T1 ∝ T
2. The large Weiss constant, short-range magnetic correlations far above
TN1, small ordered moment, significant low-energy spin fluctuations, and incommensurate ordered
phases all provide explicit evidence for strong magnetic frustration in FeVO4.
PACS numbers: 75.25.-j, 76.60.-k
I. INTRODUCTION
In multiferroic materials such as RMnO3 (R: rare
earths)1, Ni3V2O8
2, and MnWO4
3, ferroelectricity is be-
lieved to be driven by magnetism because it emerges si-
multaneously with a spiral magnetic order upon cooling.
These materials are known as “type-II” multiferroics,4
and their ferroelectricity as “improper.”5 Even though
such multiferroicity has to date been found only at low
temperatures, it has attracted very significant research
interest due to the possibilities it offers for tunable mul-
tiferroic devices. Phenomenologically, the breaking of
magnetic inversion symmetry and strong Dzyaloshinskii-
Moriya (DM) interactions are believed to be essential
ingredients for understanding the coupling between fer-
roelectricity and magnetism.5 Theoretically, inversion
symmetry-breaking is thought to be caused by strong
magnetic frustration. Experimentally, while magnetic
frustration is certainly suggested by the available suscep-
tibility data,6 the coupling between ferroelectricity and
magnetism has been difficult to quantify, and more spec-
troscopic studies are required to confirm its existence and
explore its origin.
FeVO4 is a multiferroic compound that has been
characterized mostly in polycrystalline7–9 or thin-film
form,10,11 although single crystals have also been
synthesized.6 It crystallizes in a triclinic structure, with
each unit cell containing 6 Fe3+, 6 V5+, and 24 O2− ions,
as shown in Fig. 1. Neutron scattering studies of poly-
crystal powders7 indicate a collinear incommensurate an-
tiferromagnetic (AFM) order below TN1 ≈ 22 K and a
non-collinear incommensurate, or spiral, AFM order be-
low TN2 ≈ 15 K. Ferroelectricity occurs only below TN2, a
result found also in other type-II multiferroic materials.5
FIG. 1: (color online) Crystal structure (triclinic) of FeVO4
viewed along the a axis. The three different V sites are indi-
cated, each occurring as a VO4 tetrahedron.
To date, however, most studies of FeVO4 have focused
on this ferroelectricity,8–11 and there has been only lim-
ited investigation of its magnetic states and their relation
to frustration. The availability of FeVO4 as high-quality
single crystals makes it an excellent target material for
NMR studies of its magnetic properties and of their cou-
pling with ferroelectricity.
NMR is a low-energy, local probe, which is in prin-
ciple an ideal tool for the study of multiferroics. It is
sensitive both to ferroelectricity, through the coupling
between the nuclear quadrupole moment and the elec-
tric field gradient (EFG), and to magnetism, through the
hyperfine coupling between the nuclei and the magnetic
2moments. In FeVO4, however, only the
51V signal could
be observed within our available NMR window and the
weak quadrupole moment (−0.05 barns) of this nucleus
makes the coupling to the EFG too weak to be detected.
Therefore we focus primarily on the low-energy magnetic
properties, which reveal strong magnetic frustration in
this system, and thus also provide essential information
for understanding the nature of multiferroicity.
In this paper we present all of the information about
magnetism in FeVO4 that can be deduced from
51V
NMR. The high-temperature spectrum is single-peaked
in the paramagnetic phase, where the Knight shift, like
the susceptibility, follows a Curie-Weiss form with a large
Weiss constant. On cooling below 65 K, the spectrum
splits into two peaks, which indicates a local symmetry-
breaking effect on the NMR time scale, or the onset of
short-range magnetic order far above the magnetic tran-
sition. From the spin-lattice relaxation time we iden-
tify the two magnetic transitions at TN1 = 19 K and
TN2 = 13 K, consistent with other results reported on
single crystals, but lower than those for powder sam-
ples. Below TN2, we find a spectrum with no applied
field, which reflects a complicated distribution of hyper-
fine fields transferred from the incommensurate magnetic
moments of the Fe ions. However, the upper bound for
the ordered moment is only 1.95µB/Fe, far less than the
paramagnetic local moment, while the temperature de-
pendence of 1/51T1 below TN2 suggests strong low-energy
spin fluctuation effects. We discuss how all of these fea-
tures are the fingerprints of strongly competing magnetic
interactions.
The structure of our report is as follows. In Sec. II we
describe briefly the NMR methods as applied to FeVO4.
In Sec. III we present all of the results we obtain for 51V
spectra over a range of temperatures, for the relaxation
times 1/T1 and 1/T2, for the Knight shift
51K, and at
zero magnetic field. In Sec. IV we discuss the implications
of our results for frustrated magnetism in FeVO4 and it
connection to multiferroicity. Section V contains a brief
summary.
II. MATERIAL AND METHODS
Single crystals of FeVO4 were synthesized by the flux-
growth method, using V2O5 as the self-flux.
6 The crystal
structure is shown in Fig. 1 and the crystal alignment,
required for NMR, was determined by von Laue measure-
ments. The complete 51V NMR spectra were measured
by field sweeps of the spin-echo signal, using a fixed fre-
quency of 111.7 MHz and sweeping the magnetic field
with its orientation parallel to the (0 1 -1) plane of the
crystal. The spin-echo pulse sequence was pi/2 − τ − pi,
with τ = 10 µs and respective pi/2 and pi pulse lengths
of 2.5 and 4 µs. The Knight shift was determined in
the paramagnetic state from 51K = (f − 51γB)/51γB,
where f is the resonance frequency, B is the applied field,
and 51γ = 11.197 MHz/T is the 51V gyromagnetic ratio.
The spin-lattice relaxation rate 51T1 was measured by the
spin-inversion method, and the spin-spin relaxation rate
51T2 from the spin echoes, both of which were found to
follow standard, single-exponential spin recovery/decay
functions.
Two comments are in order on the 51V spectrum at T
= 140 K, shown in Fig. 2(a), which has a finite Knight
shift 51K ∼ 3%. First, from the triclinic crystal struc-
ture shown in Fig. 1, three 51V resonance peaks are ex-
pected. Each unit cell in FeVO4 contains three pairs of
non-identical V5+ sites, each linked by lattice inversion
symmetry and labeled by V1, V2, and V3. All three
types of site have different bond lengths to all of their
neighboring O2− and Fe3+ ions, and therefore should ap-
pear as separate peaks. However, in our data only one of
the three site pairs is detected within the NMR window.
As we will show in Sec. III, the spin-spin relaxation time
T2 of our signal is very short (less than 50 µs) due to the
dominance of magnetic fluctuations. Thus we believe our
inability to observe the other two 51V pairs arises because
these sites have a stronger hyperfine coupling and there-
fore even shorter T2 times, which move the correspond-
ing signals out of our measurement window. Second, we
did not find measurable quadrupolar effects on the reso-
nance frequency, which is reasonable for the center site of
the local VO4 tetrahedra and for the low quadrupole mo-
ment of 51V. As noted in Sec. I, the absence of significant
quadrupole effects prevents us from studying the lattice
structure, and therefore the ferroelectricity, directly.
III. NMR MEASUREMENTS
We begin our investigation of the NMR response of
FeVO4 single crystals by considering the high-field
51V
spectra at elevated temperatures. Spectra starting at 140
K are shown in Fig. 2(a). Between 140 K and 80 K they
show a single peak at a field of 9.66 T, which is a regu-
lar paramagnetic signal. As we decrease the temperature
to 1.5 K, it is clear that the line shape, line width, and
peak frequency change dramatically, reflecting a rich va-
riety of magnetic properties for a single material. We
note that a spurious 51V signal is also observed at 10.0
T (51K = 0), which has a T1 value more than three or-
ders of magnitude higher than the other peaks and does
not sense the magnetic transitions on cooling, and thus
is probably the consequence of a weak impurity phase
or an inclusion of the crystal-growth flux. A weak and
asymmetric shoulder feature at 9.65 T is also visible at
temperatures between 40 and 80 K before being lost as
the spectrum broadens, and this may reflect some dilute
local disorder.
Figure 2(a) shows representative spectra in all of the
different magnetic phases of FeVO4. Below a tempera-
ture T ∗ = 65 K, the 51V spectrum broadens and devel-
ops a prominent double-peak feature suggestive of strong
spin correlations, or short-range magnetic order on the
NMR time scale; we discuss this interpretation in detail
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FIG. 2: (color online) (a) Field-sweep 51V spectra over the full
range of temperatures probed, with the field applied parallel
to the crystal (0 1 -1) planes. Red arrows indicate the fields
used for the 1/51T1 and 1/
51T2 measurements shown in Fig. 3.
The solid line at 25 K is a double-Gaussian fit to the spectrum.
(b) FWHM of the NMR spectra measured under the same
field-sweep conditions. The temperatures T ∗, TN1, and TN2
are introduced in the text. Vertical bars on the data points
indicate the standard deviations of the fitting curves.
below. The spectra at 15 K and at 1.5 K show such
significant broadening that they again appear to have a
single peak. This form is typical for systems with spa-
tially inhomogeneous magnetic order when subject to an
applied field, because the nuclei respond to both the ex-
ternal field and the varying internal field in the crystal.
We recall here (Sec. I) that at 15 K the system is in the
collinear incommensurate AFM phase while at 1.5 K it is
in the incommensurate spiral AFM phase. The full width
at half-maximum height (FWHM) of the peak, shown in
Fig. 2(b), quantifies the increase in broadening with cool-
ing as the sample steps through the sequential changes
of magnetic properties.
To identify the magnetic transition temperatures, we
measured the spin-lattice relaxation rate 1/51T1 and the
spin-spin relaxation rate 1/51T2. We show results for
both quantities, measured for each temperature at the
peak positions on the low-field side of the spectra [red ar-
rows in Fig. 2(a)]; below TN2, 1/
51T1 is lowest at the peak
frequency and increases by approximately 30% across the
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FIG. 3: (color online) (a) Spin-lattice relaxation rate 1/51T1
and spin-spin relaxation rate 1/51T2 as functions of tempera-
ture, measured at the peak position of the spectra. (b) Tem-
perature dependence of the Boltzmann-normalized echo in-
tensity at the peak position of the 51V spectrum.
frequency range. The temperature dependence of 1/51T1,
shown in Fig. 3(a), first displays a slow decrease with
temperature upon cooling below 100 K. However, there
is a prominent increase below 30 K leading to a peak at
19 K, which indicates the first magnetic phase transition
at TN1. Upon further cooling, 1/
51T1 decreases again,
although a small second peak is resolvable at T = 13 K,
indicating the second magnetic transition (TN2). Both
transitions can also be resolved in the 1/51T2 data, also
shown in Fig. 3(a), where 1/51T2 exhibits the same be-
havior as 1/51T1; two peaks in the relaxation rate are
clearly formed at the two magnetic transition tempera-
tures TN1 = 19 K and TN2 = 13 K. While 1/T1 in a
magnetic system is expected to be controlled by spin fluc-
tuations, this is in general not so clear for 1/T2. However,
the fact that 1/51T2 peaks at the transitions and shows a
temperature dependence so similar to that of 1/51T1 in-
dicates that 1/51T2 is indeed dominated by the magnetic
fluctuations in FeVO4. We comment again here that the
51T2 values shown in Fig. 3(a) are very short (under 50 µs
over much of the temperature range), a result we ascribe
to these very strong magnetic fluctuations and which we
4believe prevents our detection of the other two V site
pairs (Sec. II).
To verify the nature of both transitions we have also
measured the echo intensity I0 at the peak frequency, in-
tegrated over a finite frequency range. The Boltzmann-
corrected echo intensity, I0T , is shown in Fig. 3(b) and is
inversely proportional to both FWHM and e2τ/T2 , where
τ is the spin-echo refocusing time. As the temperature
is lowered from 30 K to TN1, I0T decreases strongly due
to the combination of inhomogeneous line-width broad-
ening [Fig. 2(b)] and the temperature dependence of T2
[Fig. 3(a)]. In fact 51T2 ∼ 20µs is very short at TN1
[Fig. 3(a)] because of the strong magnetic fluctuations,
and this causes a large signal loss in our spin-echo mea-
surements. The rise in echo intensity below TN1 is caused
by the fall in 1/51T2 [Fig. 3(a)]. However, the increase
below TN2 [Fig. 3(b)] occurs despite the strong spectral
broadening at these temperatures [Fig. 2(b)] and can-
not be explained by T2 effects alone. While the kink
directly below TN2 is caused by the sharp fall in 1/
51T2
[Fig. 3(a)], the continued increase in echo intensity at
low temperatures, once T2 is very long again, is due to
RF enhancement of the NMR signal. This phenomenon
is typical in ordered magnetic systems and has also been
reported in multiferroic materials such as TbMn2O5;
12 in
this compound it shows a hysteresis effect at high fields
that the authors proposed may originate in a coupling
between the AFM domain walls and ferroelectric domain
walls. In FeVO4 we do not find evidence for hysteresis
effects, and we suggest that the RF enhancement below
TN2 is intrinsic in a spiral magnet.
IV. MAGNETIC PROPERTIES
In this section we discuss the distinctive magnetic
properties of FeVO4 revealed by NMR in the different
regimes of temperature. We focus first on the properties
in the truly paramagnetic phase above T ∗ = 65 K. Fig-
ure 4(a) shows the Knight shift, 51K, deduced from the
peak frequency of the spectrum, as a function of tem-
perature. The Knight shift measures the spin suscepti-
bility of the system, and so the monotonic increase of
51K on cooling is consistent with paramagnetic behav-
ior. In fact 51K(T ) can be fitted very well by a Curie-
Weiss form, 51K = A/(T + θ), with the Weiss constant
θ ≈ 116± 15 K; the fit is shown in Fig. 4(a). In the inset
we show 51K against the dc susceptibility (adapted from
Ref. 6) with temperature as the implicit parameter, from
which we estimate the hyperfine coupling constant to be
51Ahf ≈ 9.37± 0.23 kOe/µB.
Values of θ reported in the literature show some con-
siderable variation, with Curie-Weiss fits to susceptibility
data from polycrystals giving θ ≈ 125 K7 and from single-
crystal measurements giving θ ≈ 97 K.6 This spread of
results may reflect an important role for domain-wall ef-
fects, a topic to which we return below. Two incontro-
vertible statements are that our measurements are fully
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FIG. 4: (color online) (a) Temperature dependence of the
Knight shift 51K (left axis) measured at the peak frequency
of the 51V spectrum in the paramagnetic phase. Knight-shift
data shown as open diamond, circle, and triangle symbols are
measured under a field of 9.5 T, data shown as solid sym-
bols at 4 T. The bulk susceptibility (star symbols, right axis,
adapted from Ref. 6) is shown for comparison. Inset: 51K
as a function of the dc susceptibility with temperature as the
implicit parameter. Solid lines in both panels are fits to the
Knight-shift data using the Curie-Weiss function. (b) Zero-
field 51V NMR spectrum measured at T = 1.5 K. fH and fL
label the resonance frequencies of the high- and low-frequency
peaks. Inset: T dependence of fH . The arrows indicate the
two magnetic transition temperatures.
consistent with previous studies and that they are consis-
tent with θ/TN1 ≫ 1. Such a large value of θ compared
to TN1 is typical for a number of type-II multiferroic
systems,5 and is a key piece of evidence for strong mag-
netic frustration.
We turn next to the double-peak feature in the spec-
trum at temperatures between T ∗ and TN1, where the in-
tensities of the two peaks are rather similar and can be fit-
ted rather well by a double-Gaussian function [Fig. 2(a)].
The Knight shifts calculated from both peaks are shown
in Fig. 4(a), where it is clear that T ∗ represents a bifur-
cation in behavior. 51K(T ) in this temperature range
deviates both from the high-T Curie-Weiss form and
from the high-T linear scaling with the bulk susceptibil-
5ity [Fig. 4(a)]. As a consequence of this line-splitting, the
overall line width of the spectral features also broadens
significantly below 65 K, as shown in Fig. 2(b). We con-
firmed (data not shown) that the splitting of the peaks
is proportional to the external field, which indicates a
varying local susceptibility rather than any static mag-
netic ordering. Indeed, such a line-splitting is clearly a
local symmetry-breaking effect, and far the most prob-
able interpretation of our data is that the double-peak
spectra are caused by strong spin correlations, or equiv-
alently short-range magnetic ordering on the time scale
of NMR. In particular, the hyperfine fields of the two V
sites linked by lattice inversion symmetry may be differ-
ent in this short-range-ordered state, splitting the spec-
trum into two peaks with equal intensity as observed.
While the splitting we observe could also be caused by
a breaking of crystal symmetry, no structural measure-
ments have yet detected such a process at temperatures
as high as T ∗. Further evidence in favor of a short-range
ordering scenario for temperatures TN1 < T < T
∗ in
FeVO4 can be found by comparison with the situation
when T < TN2, where the magnetic order is long-ranged
and static, magnetic inversion symmetry is broken,7 and
our zero-field NMR spectrum also resolves a double-peak
feature (below).
Strong spin correlations or short-ranged magnetic or-
der above TN1 in FeVO4 have been also been proposed
to interpret specific-heat measurements, where a signifi-
cant absence of magnetic entropy (or an “entropy recov-
ery”) is observed over a broad temperature range above
TN1.
6,7,10 While magnetic heat-capacity measurements
are complicated by issues including phonon subtraction,
the line splitting and broadening we observe by NMR
provide direct evidence for short-range magnetic order-
ing. Our results also give the first accurate measurement
of the onset temperature T ∗. Short-range ordering of
this type has also been reported by NMR, on the ba-
sis of inhomogeneous line-width broadening, in the ma-
terials LiCuVO4
13 and LaMn(O1−xFx)3.
14 The appear-
ance of short-range magnetic order in the paramagnetic
state is a first indication of magnetic frustration effects,
which are necessary to suppress a static AFM order in
this regime. The fact that T ∗ is over three times the
size of TN1, making the short-range-ordered region re-
markably broad, suggests that frustration is very strong
in FeVO4. This observation is fully consistent with the
magnetic frustration revealed by the large Weiss constant
in the Knight shift.
The tendency towards short-ranged magnetic order
may be an important ingredient in explaining the discrep-
ancies between Ne´el temperatures reported in the litera-
ture. The values we obtain from NMR, TN1 = 19 K and
TN2 = 13 K, are consistent with the magnetization mea-
surements also performed on single crystals.6 However,
values reported for powder samples7,8 are TN1 = 22 K
and TN2 = 15 K, respectively 3 K and 2 K higher, which
represent a discrepancy well beyond the expected error
bars of the individual measurements. We suggest that
the transition temperatures in powder samples can be
enhanced both by grain-boundary and domain-wall ef-
fects and by strain effects. Given that short-range mag-
netic ordering already occurs at 65 K, both sets of effects
provide a ready source of pinning for fluctuating mag-
netic moments, particularly when spiral orientations are
favored. Strain effects have been found to be very effec-
tive in enhancing multiferroic properties in a number of
compounds.15
Next we discuss the magnetic properties in the ordered
phase. In addition to our high-field NMR studies, we
have also performed zero-field NMR measurements to
study the magnetic structure in the non-collinear (spi-
ral) phase below TN2. In Fig. 4(b) we show the zero-field
51V spectrum at 1.5 K, which has a clear double-peak
structure with the two maxima centered at fH (high-
frequency) and fL (low-frequency). The broad spec-
trum around each peak is caused by the distribution
of hyperfine fields on the V sites transferred from the
Fe moments, all of which are different due to their in-
commensurate order (neutron scattering measurements
in this phase reveal a spiral magnetic modulation period
of approximately 100 nm.7). The FWHM of the high-
field spectra at T = 1.5 K, shown in Fig. 2(b), is ap-
proximately 8 MHz, which is considerably less than fH
and therefore indicates that the hyperfine field on the
V sites is almost perpendicular to the applied external
field. The NMR spectrum in incommensurate magneti-
cally ordered states usually has a characteristic “double-
horn” feature,16–18 but this is obtained when the applied
field is not perpendicular to the internal field. Thus in
our present field configuration we are not able to dis-
tinguish between an incommensurate spin structure and
other forms of modulation that also give rise to a distribu-
tion of hyperfine fields, and can state only that our broad
line shapes are consistent with the known incommensu-
rate order. This lack of specificity applies also in the
short-range-ordered phase between TN1 and T
∗, where
we cannot probe the commensurate or incommensurate
nature of the spin fluctuations. We comment that the in-
commensurate “double-horn” shape is not similar to the
double-peak structures we find in either our high-field or
zero-field NMR measurements [Figs. 2(a) and 4(b)].
Although the spectral intensity is higher at fH than at
fL, we believe this difference is due primarily to the sensi-
tivity of the NMR pick-up. This splitting of the spectrum
is probably caused by the breaking of inversion symmetry
in the hyperfine field on the V sites, similar to the situa-
tion we discussed (on the NMR time scale) in the short-
range-ordered state, and the default expectation would
be peaks of equal weight. We have also measured fH as
a function of temperature, finding [inset, Fig. 4(b)] that
it increases significantly on cooling from 10 K down to 1.5
K, reflecting the development of the ordered moment. By
using the value of 51Ahf measured in the paramagnetic
phase, the high-frequency resonance peak (fH) at zero
field sets an upper bound for the ordered moment, of 1.95
µB/Fe at T = 1.5 K. In the paramagnetic phase, how-
6ever, the magnetization data give a local moment of 5.83
µB/Fe.
6 Thus the ordered moment below TN2 is only 1/3
of the net moment, indicating again the effects of strong
magnetic frustration even at the lowest temperatures.
Below TN2, the temperature dependence of the spin-
lattice relaxation rate is different from a conventional
antiferromagnet,19 where 1/T1 ∼ T
3 due to relaxation
by gapless spin waves, and the temperature dependence
is stronger still in the presence of magnetic anisotropy.
As shown in Fig. 3(a), 1/51T1, measured at high field,
has power-law behavior below TN2 with 1/
51T1 ∼ T
2.
Similar unconventional behavior and anomalously slow
spin dynamics have been measured in other frustrated
magnetic systems, such as volborthite,20 where they were
ascribed to a very high density of available low-energy
excitations. The low power-law temperature dependence
found in FeVO4 would seem to indicate the presence of
persistently strong low-energy spin fluctuations on top of
the spiral ordered state below TN2.
The small ordered moment and the strong low-energy
spin fluctuations in the spiral magnetic phase reflect once
again the effects of magnetic frustration in suppressing
the ordered moment while enhancing spin fluctuations.
Combined with the large Weiss constant and the short-
range magnetic ordering at high temperatures, FeVO4
shows explicit evidence of strong frustration all across
the phase diagram. Magnetic frustration in FeVO4 is
clear from the structure shown in Fig. 1, where there are
multiple inequivalent Fe–O–Fe and Fe–O–O–Fe paths in
the system. These paths give rise to effective magnetic
coupling processes, referred to respectively as superex-
change and super-superexchange in the structural and
magnetic study of Ref. 7, and it is reasonable to as-
sume that these interactions compete strongly. Our data
provide independent evidence reinforcing the presence of
strong magnetic frustration in FeVO4, and by extension
its importance for multiferroicity in the form of ferroelec-
tric incommensurate SDW phases.
The origin of magnetically-driven ferroelectricity in im-
proper multiferroics is discussed in Ref. 5. Unlike the
case of proper multiferroics, it does not depend on a “d0-
type” polar distortion mechanism despite the absence
of orbital moments7 on both V5+ and Fe3+ (which is
d5). In fact the breaking of magnetic inversion symme-
try may in itself not be a sufficient condition, as this
is broken at TN1 in FeVO4, i.e. in the non-ferroelectric
collinear incommensurate SDW phase.7 Instead a gen-
uine spiral magnetic order is required to sustain a po-
lar structure,5 with the polarity vector required to lie in
the plane of the spiral.5,8 As for the microscopic mech-
anism responsible for this interaction, the strong cou-
pling between the charge and spin sectors in FeVO4
has been described as a magnetoelastically mediated
magnetostriction8 and as a magnetoelectric coupling10
whose primary origin was proposed to lie in trilinear
spin-phonon interactions.11 In the magnetic sector, one
of the most important terms leading to frustration and
incommensurate ordered phases is the Dzyaloshinskii-
Moriya interaction, which arises from spin-orbit coupling
in non-inversion-symmetric bonding geometries. These
interactions are generic in systems of low crystal symme-
try, exactly the situation encountered in FeVO4, where
the triclinic structure has six Fe3+ ions (three struc-
turally inequivalent) in each unit cell. In combination
with superexchange terms, which favor collinear order
unless strongly frustrated, Dzyaloshinskii-Moriya inter-
actions often act to produce spiral magnetic order. The
resulting exchange striction, or lattice relaxation in the
spin-ordered state, drives a polar charge state, i.e. a fer-
roelectric.
Finally, we comment once again that unfortunately we
were not able to perform a direct investigation of the fer-
roelectric properties of FeVO4 in this study. The weak
quadrupole moment of 51V combined with the low EFG
at the centers of the VO4 tetrahedra result in a coupling
between 51V and the crystal lattice that is too small for
us to detect. Ideally, future studies of FeVO4 would per-
form 17O NMR measurements on 17O-enriched crystals;
because the O ions bridge the Fe ions and mediate the
magnetic superexchange and super-superexchange inter-
actions, they can be expected to have a much stronger
quadrupolar coupling to the lattice distortion in the fer-
roelectric phase.
V. SUMMARY
In summary, we have performed 51V NMR measure-
ments on single crystals of FeVO4 with both zero and
high applied magnetic fields. We confirm both magnetic
transitions to phases of collinear incommensurate (TN1)
and spiral incommensurate (TN2) magnetic order, both
occurring at values lower than those found for polycrys-
talline samples. Our data reveal a temperature T ∗ = 65
K marking the onset of short-ranged magnetic order on
the NMR time scale. We observe a large Weiss constant
(θ) in the Knight shift, a prominent spectral splitting ac-
companying the short-range correlations, small magnetic
moments in the ordered phases (deduced from the hy-
perfine field), and strong low-energy spin fluctuations in
this regime (deduced from spin-lattice relaxation times).
These results provide explicit evidence for strongly frus-
trated exchange interactions in FeVO4, and thus under-
line the importance of magnetic frustration for the oc-
currence of improper ferroelectricity in multiferroic ma-
terials.
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